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By P. W. Bripeman. 
Received Oct. 6, 1923. Presented Oct. 10, 1923. 


INTRODUCTION. 


THE principal object of this research was to determine the effect of 
tension on thermal conductivity, the flow of heat being in the direction 
of the tension. This has been previously measured by only two ob- 
servers, A. Johnstone and N. F. Smith,! who both found that thermal 
conductivity is increased by tension. This result is not what would be 
expected, particularly in view of the fact that electrical conductivity °s 
known to decrease under tension. On carefully examining the experi- 
ments of these two observers, it appeared that their results were sub- 
ject to exceedingly large irregularities, there being discrepancies in the 
individual determinations of several fold and sometimes even of sign, 
and furthermore it seemed to me that there was a possible constant 
source of error in each piece of work which might give the wrong sign 
to the effect. In view of the theoretical interest of the matter, I have 
reéxamined the question by a different method, which I believe to be 
free from large error, and certainly from the possibility of a consistent 
error of sign. The result of my observations is that for a number of 
the more easily handled metals the effect of tension is to decrease the 
thermal conductivity by amounts small, but greater than can be 
accounted for by the change in dimensions under tension. The only 
exception is nickel, which shows also an abnormal increase of electrical 
conductivity under tension. 

I have also measured the effect of tension on the electrical conduc- 
tivity of the same samples of metal. This has been determined 
previously by only a few observers,? with not very concordant results, 
although there is no question as to the sign of the effect. 

The question of chief theoretical interest here is whether the Wiede- 
mann-Franz ratio of electrical to thermal conductivity will remain 
constant under tension; that is whether the change in electrical will 
be the same as the change in thermal conductivity. The constancy 
of this ratio for a number of metals would perhaps lead one to expect 
that the ratio would be unaffected by tension, although my measure- 
ments * on the effect of hydrostatic pressure, showing that electrical 
and thermal conductivities change under pressure by different amounts, 
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would prepare one to expect different tension effects. This is the 
case; the two conductivities are not changed by the same amount, and 
the relative change of one or the other may be greater, depending on 
the metal. 


EXPERIMENTAL METHOD. 


Thermal Conductivity. The apparatus for measuring thermal con- 
ductivity is shown in Figure 1. The specimen is in the form of a 
drawn rod about 0.125 inches (0.317 cm.) in diameter 
and 6 inches (15.2 em.) long. The two ends are 
| threaded and held in conical grips of copper which 
automatically grip more tightly when the tension in- 
creases. These two grips of copper are seated in two 
massive cylindrical copper blocks, which slide closely in 
a brass tube 1 inch (2.54 em.) in internal diameter. 
The brass tube is surrounded by a water bath at room 
temperature which was constantly stirred. The use 
of a temperature regulator did not prove necessary. 
Stuffing rings prevent the water from entering the brass 
tube or the space about the specimen, which contains 
only air at atmospheric pressure. 

A small heating coil is wound about the middle of 
the specimen. The heat input may be determined in 
terms of the current and the resistance of the heater. 
The heat flows along the axis of the specimen, into 
the copper blocks through the grips, and thence into 
the water bath through the brass tube. The dimen- 
sions are such that practically all the heat input is 
conducted into the bath through the metal parts, the 
loss laterally through the sides of the specimen being 


negligible. 

The temperature gradient in the specimen accom- 
panying the flow of heat is measured by two sets of 
thermo-couples about 3 cm. apart situated on both 

imi sides of the heating coil. The use of couples on both 


The apparatus Sides of the heater is one of the features of this new de- 
for measuring sign. One is sure in this way of catching all the heat 
ene “in. iput on its way out, and errors which might arise from 
der tension. asymmetric change in the goodness of the thermal con- 

tact between specimen, grips, and bath, and a con- 
sequent asymmetric change in the heat flow, are thereby avoided. 
The thermo-elements were of copper-constantan. Each element con- 
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sists of a piece of constantan 0.006 inch (0.0152 cm.) in diameter, 1.25 
inches (3.17 em.) long, silver soldered at either end to a length of 
copper wire of the same diameter. The joint is a butt joint and is 
perfectly smooth to the touch. The element is insulated with six to 
eight coats of insulating enamel baked on at 210° C, thereby increasing 
the diameter to 0.007 inch (0.178 mm.). The element is then threaded 
through two holes 0.008 inch (0.203 mm.) in diameter drilled trans- 
versely through the specimen and separated along the axis by about 
6.5 mm., and is then pulled through by the right amount so that each 
junction between copper and constantan is situated on the axis of the 
specimen. ‘The two copper ends of the couple are soldered to copper 
leads, connecting to a potentiometer with which the e.m.f. of the 
couple may be measured. It will be seen that what is determined in 
this way is the difference of temperature between two points on the 
axis 6.5 mm. apart. From this the temperature gradient may be 
calculated, using in the final calculations the mean obtained from the 
two couples on the two sides of the heater. The heat input is known, 
so that the data are at hand for computing the thermal conductivity. 
Repetition of the measurements under tension gives the tension 
change of conductivity. 

The constantan wire between the junctions is five times as long as 
the distance between the two holes. The extra constantan wire was 
tightly wound about the specimen, as were also several turns of the 
copper wire of the element, and wrapped with fine silk thread. In this 
way error irom heat leak into the junction along the wire is avoided, 
the wire of the elements near the junction being at the temperature of 
the specimen at the junction. Thermal contact between the element 
and the specimen inside the holes was ensured by filling the holes with 
oil before threading the element through them, so that there is a film 
of oil occupying the annular space 0.0005 inch wide between the wire 
of the element and the specimen. 

The heater consists of a fine wire of high specific resistance, nichrome 
in some of the experiments and constantan in others, butt silver 
soldered between copper leads, exactly like the thermo-elements, in- 
sulated with enamel, and wound tightly about the center of the speci- 
men, and further wrapped with fine silk thread to ensure good thermal 
contact. To ensure electrical insulation of all the parts the entire 
center portion of the specimen nearly up to the grips was covered with 
a couple of coats of enamel baked on. This was about 0.0001 inch 


thick. 
The electrical measurements included measurements of the heating 
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current and of the e.m.f. of the thermo-couple. The method has been 
described in detail elsewhere,* and employed the same potentiometer 
as that used in determining the effect of pressure on thermal conduc- 
tivity of liquids and in other previous investigations. It is a null 
method. Balance is secured by varying a rheostat, and both current 
and thermal e.m.f. are obtained in terms of the resistance necessary to 
balance. The sensitiveness was such that both current and e.m_f. 
could be determined to a few hundredths cf a per cent. The heating 
currents used were of the order of 0.3 amp. and the temperature differ- 
ence of each couple of the order of 0.°7 C. The method was used to 
give comparative values only; the dimensions or the resistances were 
not determined accurately enough to give absolute conductivities. 

The tension was applied to the specimen by a simple lever multiply- 
ing scheme, with a counterpoise arrangement for neutralizing the 
weight of the lever, which need not be described in detail. The load 
was a weight, which could be applied or removed through a pully so 
arranged as to avoid shock of sudden application. ‘The specimen was 
hung from the ceiling by a rod which passed through the upper of the 
heavy copper blocks, and the lever acted on a rod attached to the lower 
copper block, and passed into the water bath at the bottom through 
a stuffing box so designed that there should be no perceptible friction. 

At each load four readings were made for the current and each 
thermo-couple, twelve in all. These readings were made with both 
directions of flow of the heating current, and both directions of polarity 
of the balancing e.m.f. of the potentiometer, in this way eliminating 
parasitic e.m.f.’s or the effect of any failure of insulation between 
different parts of the apparatus. The essentially variable readings 
were those of thermal e.m.f. The heating current was maintained 
approximately constant with a storage battery and a ballast lamp, and 
was measured at every load merely by way of precaution; it did not 
show any variation with load, as of course it should not. 

The effect of tension is very small, and to obtain good results it was 
necessary to make repetitions, taking the averages. The effect is so 
small that it was not possible in most cases to study satisfactorily the 
way in which the effect varies with the load, but I had to content my- 
self with the effect at full load, as did also Johnstone and Smith. For 
iron, however, I was able to make readings at full and half load. Care 
was taken that the full load should be considerably below the elastic 
limit of the material. This condition was not realized for aluminum, 
which has a very low limit, and the figures in the following apply to 
aluminum which has been hardened by overstrain. 
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The procedure consisted in making a set of readings at zero load, 
applying the load and waiting for equilibrium, repeating the set of 
readings, removing the load, and again repeating after equilibrium ete. 
Because of the small dimensions of the apparatus and the good thermal 
contact between the parts, thermal equilibrium was reached in a very 
few minutes after changing the load, and the long and tedious waits of 
previous work, which are conducive to error because of accidental 
changes in the surrounding conditions, were avoided. Enough read- 
ings were taken to give for each metal between ten and twenty values 
for the change produced by load. The average of these changes was 
taken. The probable error of the average was computed by the usual 
least squares formula for the error of the mean, and is tabulated along 
with the other results. In taking these averages, no single readings 
were discarded, but all the readings used were obtained consecutively. 

As compared with the two former methods, this method should offer 
the following advantages. Johnstone measured the flow along a rod, 
heat being put in by a heater wound on a micanite frame slipped over 
the rod.- The temperature was measured by platinum resistance 
thermometers also wound on micanite frames and slipped over the rod. 
These frames were rigid, and did not follow the changes of dimensions 
of the rod when tension was applied. Under tension the rod contracts 
slightly, the thermal contact becomes poorer, with a resulting smaller 
flow of heat, and therefore a simulation of the effect of better thermal 
conductivity. This error is avoided in the present design by winding 
the heater directly onto the rod, and holding it tightly in contact with 
the rod by a wrapping of thread. The thermo-couples are also in 
better contact by my method of attachment, and are in no danger of 
being displaced by the load. Further, Johnstone measured the flow 
on only one side of the heater, instead of catching it all on both sides, 
as above. This I think to be a quite important feature, as sometimes 
the effects were quite unsymmetrical on the two sides, and in extreme 
cases one side might be of the different sign from the other. 

The method of Smith was one in which one end of the rod was main- 
tained at a constant temperature (heat input was not measured) and 
heat allowed to flow along the rod, partly flowing out at the distant end 
to other solid parts of the apparatus, and partly escaping laterally 
through the surface of the rod by conduction or convection through 
the surrounding air or by radiation. No account was taken of the 
possible change of lateral loss by tension, and most important of all, an 
improvement of the thermal contact at the distant end by tension, which 
almost certainly occurs, will account for the wrong sign of the effect. 
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An additional advantage over both of these methods I have already 
stated to be that my temperature differences and the whole scale of the 
apparatus were smaller so that equilibrium was reached much more 
quickly (minutes against hours) with less possibility of accidental 
variation of the external factors. 

Electrical Conductivity. 'The same specimens were used, and tension 
was applied in the same apparatus as that used for thermal conduc- 
tivity. The electrical measuring apparatus was the same as that which 
I have previously described in connection with determinations of the 
effect of pressure on the electrical resistance of specimens whose 
electrical resistance is small.° The general device is a potentiometer 
with a null method. Current was passed lengthwise through the 
specimen, and the potential difference determined between two needle 
points pressed into contact with the specimen by a simple spring 
arrangement. Electrical balance was obtained by changing the posi- 
tion of a slider on a slide wire. The sensitiveness was entirely ample, 
the change of resistance produced by the load causing displacements 
of the slider of the order of several cms., and each setting could be 
made to0.1 mm. The sensitiveness was much greater than that of the 
thermal conductivity measurements, although the probable error as 
shown by the least squares formula was not always as much less as one 
might have expected; the errors were mostly due to changes in the 
external parts of the apparatus. The error was low enough to permit 
determinations at full and half load for four of the seven metals, 
instead of the one possible with thermal conductivity. 

Readings were made as for thermal conductivity: first without load, 
then with load, and so on, until ten to twenty determinations were 
obtained of the change produced by load. The succession of readings 
was then repeated with the direction of current through the specimen 
reversed to eliminate parasitic effects. ‘The series was then repeated 
with the second load. Equilibrium was attained about as fast as it 
was possible to apply or remove the load; the heating effects of the 
load were perfectly perceptible and fairly large, but disappeared very 
rapidly, thanks to the small dimensions of the apparatus. 

Previous measurements on the effect of tension on resistance have 
probably been adequate as far as the electrical part of the measure- 
ment goes; the chief advantage in repeating them was to have measure- 
ments on both conductivities on the same specimens. 
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THe MATERIALS. 


I used most of the cubic metals that can be obtained in a state of 
purity and homogeneity, and which are at the same time of sufficient 
mechanical strength to stand the handling and the tension; there are 
not as many of these metals as might be supposed. Non-cubic metals 
I did not think it worth while to trouble with, because I have recently 
been finding that there are very large differences in different directions. 
Such metals should be examined in the state of single crystal grains, 
and I hope that sometime I may be able to do it. 

In order to give as much information as possible about the metals, 
I give in the following the values which I found for the specific resist- 
ances. These were computed from the resistance and the dimensions. 
The accuracy is not as high as might have been attained if this yuestion 
was being investigated for its own sake, and there may be errors of the 
order of 1%. The temperatures were within one or two degrees of 

Copper was from the Bureau of Standards, a piece of the same 
sample as that whose pressure coefficient of thermal conductivity was 
measured,® and contains not more than 0.005% of impurity. It was 
annealed at a red heat after drawing. Due to an accident I have not a 
good value for the specific resistance of this rod of copper. 

Tron was from the same bar obtained from the American Ingot Iron 
Co. from which I have cut specimens for a number of other measure- 
ments;’ the impurity is not over 0.03%. It was annealed after 
machining to size. Its specific electrical resistance was 11.5 X 10-° 
ohms per cm. cube. 

Aluminum was of unusually high purity, total impurity 0.035%, and 
as was from the same original casting as the compressibility samples 
recently measured. The rod was formed from the casting by hot 
extrusion with a reduction of diameter of about twofold. ‘The ex- 
truded rod was quite crooked; it was straightened by rolling between 
two hot iron plates, filed as close to geometrical regularity as possible, 
and annealed for several hours at 300°. The same specimen was not 
used for thermal and electrical conductivity measurements because the 
elastic limit of the thermal conductivity piece was inadvertently 
exceeded on setting up for the electrical measurements, and it was 
badly stretched. Another sample was made from the same original 
stock and treated in the same way. Its specific electrical resistance 
was 2.47 X 10-® ohms per cm. cube. 

Silver was obtained from Baker and Co. and was stated by them to 
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be of high purity, although I have no analysis. It was annealed to 
redness. Its specific electrical resistance was 1.61  10-® ohms per 
em. cube. 

Platinum was also from Baker and Co., guaranteed to have less 
than 0.1% impurity and probably less than 0.01%. It was annealed 
to a bright red before measurements. Its specific electrical resistance 
was 10.1 K 10-® ohms per cm. cube. 

Palladium was also from Baker and Co., simply stated to be of high 
purity. It was annealed to redness before use. The purity of this is 
quite questionable to my mind, however, because I found a very high 
value for the specific resistance, 15.9 X 10-® per cm. cube, against 
10.7 X 10-® by Jaeger and Diesselhorst.® 

Nickel was commercial nickel obtained from the International 
Nickel Co., with slightly less than 1.0% of impurity. It was annealed 
like the other metals before using. Its specific resistance was 11.0 X 
10-° per em. cube. It is unfortunate that I could not obtain for this 
purpose any of the exceedingly pure nickel for which I measured the 
compressibility and electrical resistance under pressure and tension,!° 
but the size of the sample required for this work is somewhat greater 
than that yet possible in the very pure material. The measurements 
which I have already made of the effect of tension on the resistance of 
pure nickel included a careful study of the effect of loads over the entire 
range up to the elastic limit, and at several temperatures. It was not 
necessary to repeat this here. In order to afford a comparison with 
the thermal conductivity measurements, I merely measured the effect 
of tension on the resistance of the new sample at a single load, the 
same load as that of the thermal conductivity measurements. The 
effect of tension on thermal conductivity is so small that it was not 
possible to study the effect of varying loads, although it is to be antici- 
pated that the effect will not be linear, as it was not for electrical 
conductivity. 


EXPERIMENTAL RESULTS. 


The experimental results are collected and summarized in Table I. 
In column 1 is the name of the metal, in column 2 the load in kg/cm’, 
in column 3 the results for thermal conductivity, and in column 4 for 
electrical conductivity. The results given are the percentage changes 
of the actually measured conductivity under the loads listed, that is 
the thermal or electrical conductivity of a definite piece of metal with 
thermo-couples or potential terminals attached to fixed points, and 
with no correction for change of geometrical dimensions under ten- 
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sion. ‘Two sets of figures are given in columns 3 and 4; the first set is 
the observed change of conductivity and the second is the most probable 
least squares error in this change. In columns 5 and 6 are given the 
changes in the two thermal conductivities for a load of 1 kg/cm?, 
obtained from the figures in columns 3 and 4 by dividing the total 
change by the load in kg/cm?. In the last three columns the reduction 
is made from change in observed conductivity to change in specific 
conductivity, taking account of the change of dimensions with tension. 
It may be readily seen that the change of longitudinal dimension (a 
stretch) and that of the lateral dimension (a contraction) both work 
in the same direction in decreasing the conductivity. The correction 
is proportional to the change of length and the change of area of cross 
section, and is given by (1 + 20)/F, where a is Poisson’s ratio, and FE 
is Young’s modulus, expressed for kg/cm? units. The values of 
(1 + 2c)/E are listed in column 7 of the table; special determinations 
of the constants o and E were not made for this purpose, but the values 
were taken from Kaye and Laby’s table of constants. In column 8 
are the changes of thermal conductivity per kg/cm? corrected by this 
factor, and in column 9 the change of electrical conductivity similarly 
corrected. The probable percentage errors in the figures of columns 
8 and 9 would be considerably higher than those in columns 3 and 4, 
because the former are differences. 

The average probable error of the uncorrected tension coefficient of 
thermal conductivity is of the order of 5%. Apart, therefore, from 
the possibility of overlooked constant errors, there can be no question 
whatever as to the sign of the effect, which is a decrease of conduc- 
tivity for all these seven metals except nickel. 

The most important previous work on the effect of tension on 
electrical conductivity is by Tomlinson.? In Table II are compared 
his results and mine for the metals which we have measured in common. 
The differences are not important except for Al; here the difference 
may be well due to the much greater purity of my metal. It is to be 
remarked that although the cubic metals would be expected to show 
much less variation with direction than the non-cubic, still there is no 
reason to think that the results obtained with such a crystalline aggre- 
gate as a wire would not vary somewhat with the average orientation 
of the crystals. Perfectly definite and reproducible results are to be 
expected only with single crystals. A complete study would be very 
complicated even for so simple a stress as a pure tension; in general 
the direction of the current in a stretched cubic crystal need not be the 
direction of the applied e.m.f., although current and e.m.f. always 
coincide in an unstretched cubic crystal. 
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TABLE II. 


CoMPARISON OF PRESENT RESULTS witu TOMLINSON’S FOR EFFECT OF TENSION 
ON ELECTRICAL RESISTANCE. 


Change of Resistance 
Metal per kg/cm? Tension 
Tomlinson Bridgman 
Al 1.89X 107% 
Cu 2.23 2.9 
2.40 
Fe 2.10 2.53 
2.20 
Pt 2.28 2.65 
Ag 4.27 5.3 


With regard to the proportionality of the effects to the tension, the 
change of resistance appears to be proportional to the tension within 
the probable limits of error except possibly for copper and silver. As 
is well known, however, the “ probable” error really means “ probable” 
and must not be treated as though there were any absolute significance 
to it, so that in spite of the small variations found, I believe that these 
figures alone without further experiment would not justify any other 
expectation than that the effect is proportional to the load. The 
same is true for the variation of the tension coefficient of thermal 
conductivity of iron; under full and half load two figures were found 
which differ by somewhat more than the amount allowed by the 
probable error, but nevertheless I do not believe that we should 
expect anything else than proportionality. 

Nickel is an exception to the rules found above both thermally and 
electrically, but more of an exception electrically, for the change of 
electrical conductivity with tension is about six times larger than the 
change of thermal conductivity. 

The relations between the changes of thermal and electrical con- 
ductivity are summarized in Figure 2, where the circles show for each 
substance the change of thermal conductivity per kg/em? (not cor- 
rected for change of dimensions), and the crosses the changes of 
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electrical conductivity. The vertical lines drawn through the circles 
or crosses show the range within which the least squares érrors indi- 
cate that the true value is most probably found. The figure brings 
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x 
“ Ni Pd Pe Fe Ag Cu Al 


FiGuRE 2. Summary of results. The circles show the fractional decrease 
of thermal conductivity for a tension of 1 kg/em?, and the crosses the corre- 
sponding decrease of electrical conductivity. The lines drawn through the 
circles and crosses show the probable spread of the results as calculated by 
least squares. 


out two things; in the first place the tension coefficients of the two 
conductivities are in general different by amounts much beyond the 
possibility of experimental error, and in the second place there is no 
universal rule as to which change is the greater numerically, but one 
may as well be greater as the other. 


THEORETICAL DISCUSSION. 


The classical theory of conduction by free electrons formulated by 
Drude, Lorentz and others, which accounts for the Wiedemann-Iranz 
ratio in terms of a transfer of both electrical current and thermal 
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energy by the same free electrons, would lead us to expect that thermal 
and electrical conductivity would change by the same amount under 
tension, for the reason that the ratio of one conductivity to the other 
at a fixed temperature is the same for all metals, and the same metal 
under two different tensions is merely a special case of two different 
metals. We have just seen experimentally that this expectation is 
not realized. 

The same sort of considerations would apply to any sort of free path 
theory in which thermal and electrical conduction are performed by 
the electrons. The fact that the tension effect on the two conduc- 
tivities is not the same is not to be taken as proof that a free path 
theory cannot be correct, but a resolution of the difficulty may be 
found in a consideration of the contribution to the total thermal 
conductivity made by the atoms, a part which is neglected in the 
classical theory as usually developed. I have already considered this 
question in connection with my measurements of the effect of hydro- 
static pressure on the thermal conductivity of metals.? It appeared in 
that discussion that there is theoretical reason for believing that per- 
haps as much as one third of the entire thermal conductivity of a metal 
may be due to the atoms. Furthermore, it appeared that there is no 
reason for expecting the effect of pressure on the atomic part of thermal 
conductivity to be the same as on the electronic part, but that the 
atomic part may be either greater or less than the electronic part 
according to the details of the structure of the metal. In the same 
way we may expect the tension effect on the atomic part to be either 
greater or less than on the electronic part, and so the net effect of 
tension on thermal conductivity to be either greater or less than on the 
electrical. 

Considering now only electrical conductivity, the change under 
tension is a subject on which there seems to be no published specula- 
tion, at least for a normal metal, but is one on which we can obtain 
at least a little more light. Let us compare the effects of tension and 
hydrostatic pressure. The important experimental fact seems to be 
that the change of resistance under pressure is a much larger numerical 
multiple of the change of linear dimensions than is the change with 
tension. 

We can see roughly why this should be so. The following discussion 
will be concerned only with the geometrical factors; there are in addi- 
tion specific effects of tension or pressure, the most important of which 
is probably the change of amplitude of atomic vibration. Under 
tension, in particular, the amplitudes of vibration in different direc- 
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tions will presumably be differently affected. At present we appar- 
ently do not possess the means for computing this non-isotropic effect. 
These geometrical considerations can therefore tell only part of the 
story. 

The view of conduction which I have developed in several papers 4 
regards the electrons as travelling in free paths long compared with the 
distance between atomic centers. The path is most simply thought of 
as through the substance of the atoms; for the present purposes we 
may very roughly regard the electrons as travelling in “ grooves’’ fixed 
relatively to the atoms. The length of the path is determined by the 
ease of the electron’s jumping from atom to atom, and involves the 
distance between atomic centers and the amplitude of atomic vibra- 
tion. Now for changes at constant temperature we may suppose as a 
first approximation that the proportional increase in the length of free 
path in a definite direction is proportional to the fractional decrease in 
distance between atomic centers, or the linear strain, in that direction. 
This presupposes that the change of amplitude of atomic vibration in 
any direction depends only on the change in atomic separation in that 
direction, irrespective of whether that change is brought about by a 
tension or a pressure, and thus neglects any specific tension effects, as 
explained above. This is very much the same thing as supposing the 
material has no rigidity, but only volume compressibility. 

In terms of this simplified picture, we can see why the ratio of pres- 
sure effect to change of dimensions is larger than the ratio of the ten- 
sion effect. When a metal is subjected to hydrostatic pressure, all 
lengths are equally shortened, all free paths are equally lengthened, 
and all electrons make an equal proportional contribution to the in- 
creased current carrying capacity. But under tension, the length is 
increased along the line of tension but decreased at right angles. The 
paths in the direction of the tension are shortened, but those making an 
angle with the direction of the tension sufficiently close to a right angle 
are lengthened. Hence although the electrons moving in the direction 
of the tension contribute to a decrease of current carrying capacity, 
their effect is diminished by some of the opposite sign, so that the out- 
standing net effect is diminished. 

This point of view may be formulated mathematically as follows. 
We need in the first place the expression given by simple elastic theory 
for the elongation, ¢, of a linear element making an angle 6 with the 
direction of tension. This Is: 
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where FE is Young’s modulus and o Poisson’s ratio. Consider the case 
only where the applied e.m.f. is along the tension, that is, in the 
direction 6 = 0. Our hypothesis now is that the mean free path, and 
hence the contribution to the total current, of an electron travelling 
in the direction 6 is diminished by an amount proportional to e¢, or 
tol —sin@(1+). The total change in conductivity is to be found 
by summing for all directions. The absolute contribution to the 
conductivity by an electron moving along @ is proportional to cos? 6. 
The reason for this is that the component of e.m.f. along the path is 
proportional to cos@; this component produces along the path a 
velocity of drift proportional to cos @, and the component of this drift 
along the direction of the total current or the e.m.f. is again diminished 
by the factor cos 6. Hence the contribution to the diminished con- 
ductivity made by the electrons along @ is proportional to 


cos? 6 {1 — sin@ (1 + a)}. 


Summing this for all directions, we have 
cos?6 { (1 — sin (1 + o)} 27 sin dé, 
0 


which may be evaluated to 


1 
(A) 


The same analysis applied to the case of hydrostatic pressure, or a 
uniform change of dimensions in every direction, would give 


27 (B) 
the second term in expression A, which arises from the change of 
strain with direction in the case of tension, being absent. 

Now if we take a mean value for o, namely 1/3, we shall find that 
the ratio of B to A is 4.7. That is, considering the geometrical factor 
only, and also considering only that part of the change in specific 
conductivity produced by a change in the free path, a change of linear 
dimensions in the direction of the current when produced by hydro- 
static pressure should be 4.7 times as effective in changing resistance 
as the same change of linear dimensions produced by tension. 

In Table III are given the figures for comparing with experiment. 
In the first part of the table are the data for hydrostatic pressure, 


‘ 
4 
bie 
v 
| 
é 
: 


63 | OF St | £0°3— 29'S — 02° — — 

OF | | 66'8 16°3— — 66° — 3V 

5 

= 


I'S | 26° |p OLXCE'T X6E°T | OL X8°I+| — OL XFS IV 


Le Le 1 Le 9 rey de de de de a dem 
onvy | oney le 1 de | et 1 ae 
| AI AT Al ll IA A Al Ill II I 
uoIsUa JO} @INSSILY JO} 


“GONVISISAY NO NOISNG GNV OLLVLSOUGAP AO SLOAAAY AO 


TH 


154 


| 
| 
= = 
4 
¥ * 


EFFECT OF TENSION ON CONDUCTIVITIES. 135 


and in the second for tension. Column 1 gives the change per kg/cm? 
of the observed resistance w (terminals fixed to the wire, with no 
correction for change of dimensions), column 2 the volume compressi- 
bility, column 3 the lmear compressibility, column 4 the change per 
kg/cm? of the specific resistance p (column 1 corrected by the linear 
compressibility), column 5 the change per kg/cm? pressure of that 
part of the specific resistance to be attributed to the change in the free 
path (column 4 corrected by the volume compressibility)* and column 
6 is the ratio of 5 to 3, or the factor by which the change of linear 
dimensions is to be multiplied to give the “free path” change of 
conductivity. 

In the second part of Table IIT, column 1’ gives the tension coeffi- 
cient of specific resistance (listed in Table I), column 2’ the change of 
length with tension, column 3’ the change with tension of that part of 
the specific resistance due to change of free path (column 1’ corrected 
by column 3, since the change of volume under 1 kg/cm? tension is 1/3 
of the change under 1 kg/cm? pressure), column 4’ is the ratio of 3’ to 2’, 
or the factor by which the change of linear dimension when produced 
by tension is to be multiplied to give the “free path”’ change of con- 
ductivity, and column 5’ is the ratio of 6 to 4’. 

The geometrical analysis above has suggested that the figures in 
column 5’ should be 4.7. The experimental figures vary on both sides 
of it. With the exception of Al, the variation is within a range of 30 
or 40%, and I believe is not more than the rough nature of the con- 
siderations would lead us to expect. 

The result of a similar analysis from the classical electron theory 
point of view is of interest. In this theory the free path of the elec- 
tron is entirely free, there is nothing analogous to a “ groove”’ in which 
it moves, and an applied e.m.f. will produce the full drift in its own 
direction irrespective of the relative direction of the path. The above 
analysis is to be modified by omitting the factor cos*@. It will be 
found, conteary to what one might think at first, that the theory does 
give the correct sign to the effect. The reason is that the electrons 
inclined to the tension at an angle approaching a right angle are so 
much more numerous than the others that their contribution to a 


* The total conductivity is proportional to the number of electrons per cm! 
X free path X velocity of electrons. The velocity is constant at constant 
temperature. Our hypothesis has been that the ratio of the number of elec- 
trons to the number of atoms is constant. Hence the number of electrons 
per cm’ changes as the volume of the metal, accounting for the compressibility 
as a correction term. 
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diminished conductivity more than wipes out the contribution of the 
others to an increased conductivity. The ratio which we found above 
to be 4.7 now comes out numerically to be 21. However, the fact that 
the classical theory gives the correct sign to the tension effect is to be 
considered as a curiosity only, for it gives the wrong sign to the 
hydrostatic pressure effect, unless hypotheses concerning the change 
in the number of free electrons under pressure are made ad hoc. 


SUMMARY. 


An improved method has been developed and the thermal conduc- 
tivity under tension of seven metals measured. The change of 
electrical conductivity under tension of the same metals has also been 
measured. With the exception of nickel, which is abnormal with 
respect to both thermal and electrical conductivity, the effect of ten- 
sion is to diminish thermal conductivity, contrary to the results of the 
only two previous observers, who found an increase of thermal con- 
ductivity with tension. The decrease of thermal conductivity may be 
greater or less than the decrease of electrical conductivity, that is, the 
Wiedemann-Franz ratio may either increase or diminish with tension. 

In the theoretical discussion it is suggested that the contribution 
of the atoms to thermal conductivity may be responsible for the vary- 
ing signs of the tension coefficient of the Wiedemann-Franz ratio, in 
the same way that I have previously suggested that it may be account- 
able for the varying sign of the pressure coefficient. The theory of 
electrical conduction which I have been developing suggests that the 
fractional change of electrical conductivity produced by hydrostatic 
pressure should be a considerably higher multiple of the change of 
linear dimensions than the change produced by tension, and analysis 
gives a numerical value for the ratio of these two effects which agrees 
as closely with experiment as the rough nature of the considerations 
would suggest. The classical theory, on the other hand, would give 
the wrong sign for this effect. 
~ I am indebted to my assistant Mr. H. B. Curry for making many 
of the readings of this paper. 
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